Distinct differences in rates of oxygen consumption and ATP synthesis of regionally isolated non-synaptic mouse brain mitochondria by Andersen, Jens V et al.
u n i ve r s i t y  o f  co pe n h ag e n  
Københavns Universitet
Distinct differences in rates of oxygen consumption and ATP synthesis of regionally
isolated non-synaptic mouse brain mitochondria
Andersen, Jens V; Jakobsen, Emil; Waagepetersen, Helle S; Aldana, Blanca I
Published in:






Publisher's PDF, also known as Version of record
Document license:
CC BY
Citation for published version (APA):
Andersen, J. V., Jakobsen, E., Waagepetersen, H. S., & Aldana, B. I. (2019). Distinct differences in rates of
oxygen consumption and ATP synthesis of regionally isolated non-synaptic mouse brain mitochondria. Journal
of Neuroscience Research, 97, 961–974. https://doi.org/10.1002/jnr.24371
Download date: 03. Feb. 2020

J Neuro Res. 2019;97:961–974.	 wileyonlinelibrary.com/journal/jnr	 ©	2019	Wiley	Periodicals,	Inc.	 | 	961
 
Received:	28	August	2018  |  Revised:	28	October	2018  |  Accepted:	30	November	2018
DOI:	10.1002/jnr.24371
R E S E A R C H  A R T I C L E
Distinct differences in rates of oxygen 
consumption and ATP synthesis of regionally 
isolated non‐synaptic mouse brain mitochondria
Jens V. Andersen  | Emil Jakobsen  | Helle S. Waagepetersen  |  
Blanca I. Aldana
Abbreviations:	ADP,	adenosine‐5′‐diphosphate;	ANOVA,	analysis	of	variance;	ATP,	adenosine‐5′‐triphosphate;	ETC,	electron	transport	chain;	FCCP,	carbonyl	cyanide	4‐(trifluoromethoxy)


























II‐driven	 respiration	 and	ATP	 synthesis,	were	 investigated	 by	 applying	 pyruvate	 in	
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is	 the	 oxygen‐dependent	 production	 of	 adenosine‐5′‐triphosphate	
(ATP)	 (Figure	1a)	 (Nunnari	&	Suomalainen,	 2012).	 Inside	 the	mito‐
chondrial	matrix,	metabolic	substrates	are	oxidized	in	the	tricarbox‐
ylic	acid	(TCA)	cycle,	generating	energy	rich	electrons,	transported	







dysfunction	 can	 mediate	 or	 accelerate	 the	 development	 of	 sev‐
eral	neurodegenerative	diseases	(Correia	et	al.,	2012;	Johri	&	Beal,	
2012;	Nunnari	&	Suomalainen,	2012;	Pathak,	Berthet,	&	Nakamura,	
2013).	The	brain	 consists	of	 several	well‐defined	areas,	 each	han‐
dling	different	cerebral	functions	and	with	distinct	susceptibility	to	
neurodegenerative	diseases	(Camandola	&	Mattson,	2017;	Masters	
et	 al.,	 2015;	 Poewe	 et	 al.,	 2017;	 Ross	&	 Tabrizi,	 2011).	 For	 exam‐
ple,	 Alzheimer’s	 disease	 primarily	 affects	 the	 cerebral	 cortex	 and	
hippocampus,	 whereas	 Huntington’s	 disease	 manifests	 predomi‐










eral	 experimental	 approaches	 and	 a	 common	 preparation	 is	 iso‐
lated	mitochondria	 (Clark	&	Nicklas,	1970;	Lai,	Walsh,	Dennis,	&	
Clark,	1977).	The	use	of	isolated	mitochondria	allows	a	high	degree	






croplate‐based	 assessment	 of	 small	 quantities	 of	 mitochondria,	












Pyruvic	acid	 (107360),	 succinic	acid	 (S3674),	malic	acid	 (M1000),	
adenosine‐5′‐diphosphate	 (ADP,	 A5285),	 oligomycin	 A	 (75351),	
carbonyl	 cyanide	 4‐(trifluoromethoxy)phenylhydrazone	 (FCCP,	
C2920),	 antimycin	 A	 (A8674),	 and	 rotenone	 (R8875)	 were	 pur‐
chased	 from	 Sigma‐Aldrich	 (St.	 Louis,	 MO,	 USA).	 Percoll™	
(17‐0891‐01)	 was	 from	 GE	 Healthcare,	 Uppsala,	 Sweden.	
Luciferin‐luciferase	 (11‐501)	 was	 from	 BioThema	 AB	 (Handen,	





12	weeks	 of	 age	 (weight:	 42.2	g	 ±	 3.4	g)	were	 housed	 in	 a	 patho‐
gen‐free,	 temperature	 and	 humidity‐controlled	 environment	 at	





with	 the	 European	 Convention	 (ETS	 123	 of	 1986).	 Mitochondrial	
function	is	affected	by	sex	steroids	(Gaignard	et	al.,	2017).	To	avoid	






gional	 differences	 in	 mitochondrial	 function.	 This	 study	
reports	several	differences	in	the	rates	of	oxygen	consump‐
tion	 and	 ATP	 synthesis	 of	 mitochondria	 isolated	 from	 the	
mouse	 cerebral	 cortex,	 hippocampus,	 and	 striatum.	 These	
findings	may	serve	as	a	foundation	for	further	investigations	
of	 the	 link	 between	 regional	 mitochondrial	 function	 and	
neurodegeneration.






by	 cervical	 dislocation,	 decapitated	 and	 the	 brain	 quickly	 excised	
from	the	cranial	vault	onto	a	cooled	surface	covered	by	a	damp	fil‐



















2.4 | Mitochondrial oxygen consumption—Seahorse 
XFe96 assay
The	oxygen	consumption	rate	(OCR)	of	regionally	isolated	mitochon‐
dria	 was	 investigated	 using	 a	 Seahorse	 XFe96	 analyzer	 (Seahorse	







centrifuged	 (2000	g	×	20	min	×	4°C).	 After	 centrifugation,	 155	µl	



















































luciferase	 response	 (BMG	 Labtech	 GmbH,	 Ortenberg,	 Germany)	




tom	 96‐well	 plate,	 containing	 the	 respiratory	 substrates:	 10	mM	
pyruvate	 in	 combination	 with	 2	mM	 malate	 or	 10	mM	 succinate	
and	2	µM	rotenone	(all	final	concentrations	and	pH	7.2).	To	inhibit	
adenylate	 cyclase	 activity,	 all	 wells	 also	 contained	 0.2	µM	 P1,P5‐
Di(adenosine‐5′)pentaphosphate	 pentasodium.	 A	 luciferin‐lucif‐
erase	 cocktail	 and	 hexokinase‐purified	 ADP	 (final	 concentration	
0.6	mM)	 was	 added	 to	 each	 well	 and	 luminescence	 was	 assayed	
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for	 36	s	 followed	 by	 injection	 of	 9.62	µM	 ATP	 (final	 concentra‐





production	in	relation	to	O2	consumption,	an	ATP/O2 ratio was cal‐





ylrhodamine	methyl	ester	 (TMRM)	was	added	 (1	µM,	 final	 concen‐
tration)	to	1	µg	of	regionally	isolated	mitochondria	and	measured	in	
quench	mode	 (530	nm	excitation/590	nm	emission)	 in	a	NOVOstar	
microplate	 reader	 at	 28°C	 (BMG	 Labtech	 GmbH,	 Ortenberg,	
Germany)	(Jakobsen	et	al.,	2018;	Nicholls	&	Ward,	2000).	After	a	sta‐
ble	baseline	was	 reached	 (30	min),	 oligomycin	A	 (5	µg/ml	µM,	 final	
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concentration)	 was	 added	 to	 assess	 the	mitochondrial	 proton	 leak	








2.7 | Study design and handling of data
This	study	was	designed	as	an	exploratory	study	with	no	allocation	
of	subjects	into	experimental	groups,	hence	no	blinding	or	randomi‐
zation	were	 applied.	Data	 shown	 represent	means	±	 standard	de‐
viations	 (unless	other	 is	noted),	with	 individual	data	points	plotted	
as	well.	The	data	are	based	on	six	individual	experiments	(biological	













variance	 (ANOVA)	 with	 Tukey’s	 post	 hoc	 test	 in	 GraphPad	 Prism	





respiration and ATP synthesis
Pyruvate	is	the	end‐product	of	glycolysis	and	a	major	mitochondrial	
fuel	 (Sonnewald	et	 al.,	 1998).	To	 investigate	NADH‐linked,	 that	 is,	
complex	 I‐mediated,	 respiration	 and	ATP	 synthesis,	 isolated	mito‐
chondria	 were	 provided	 pyruvate	 and	 malate	 as	 respiratory	 sub‐
strates.	 The	 provided	 malate	 enables	 formation	 of	 oxaloacetate	
needed	 for	 oxidation	 of	 acetylCoA,	 generated	 through	 activity	 of	
pyruvate	dehydrogenase	(PDH),	in	the	TCA	cycle	(Figure	1a).
From	the	basal	 respiration	of	 the	 isolated	mitochondria,	 it	was	
observed	 that	 hippocampal	 mitochondria	 exhibited	 the	 lowest	
OCR	 compared	 to	 the	 cerebral	 cortical	 (F2,10 = 88.17, p	<	0.0001)	
and	 	striatal	 (F2,10 = 88.17, p	<	0.0001)	 mitochondria	 (Figure	 2a).	
Furthermore,	the	OCR	of	cerebral	cortical	mitochondria	was	lower	
than	striatal	mitochondria	(F2,10 = 88.17, p	=	0.0015),	which	had	the	
highest	 basal	OCR.	When	ADP	was	 added,	 it	was	 again	observed	
that	hippocampal	mitochondria	had	a	lower	OCR	when	compared	to	
cerebral	cortical	(F2,10	=	70.03,	p	<	0.0001)	and	striatal	(F2,10	=	70.03,	












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































cortical	mitochondria	(F2,10 = 6.729, p	=	0.0118).
Uncoupled	 respiration,	 that	 is,	 respiration	 circumventing	
complex	 V,	 induced	 by	 FCCP	 showed	 no	 significant	 differences	
between	 the	 three	 regions	 (Figure	 2c).	 However,	 the	 hippocam‐
pal	mitochondria	 showed	 the	 greatest	 relative	 increase	 in	OCR	 in	
response	 to	 FCCP	 when	 compared	 to	 mitochondria	 of	 the	 cere‐
bral	 cortex	 (F2,10	=	30.83,	 p	=	0.0006)	 and	 striatum	 (F2,10	=	30.83,	
p	<	0.0001).	To	assess	 the	overall	mitochondrial	 function,	 the	RCR	
was	calculated.	It	was	observed	that	hippocampal	mitochondria	had	
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a	 significantly	 reduced	 RCR	 when	 compared	 to	 cerebral	 cortical	
















compared	to	hippocampal	mitochondria	(F2,6 = 5.749, p	=	0.0342).





drogenase	 (SDH),	 which	 is	 part	 of	 complex	 II	 and	 hereby	 directly	
provide	 FADH2	 to	 the	 ETC	 (Figure	 1a).	 To	 ensure	 that	 succinate	
oxidation	 reflects	complex	 II,	 that	 is,	FADH2‐mediated	 respiration,	
the	 complex	 I	 inhibitor	 rotenone	 was	 included	 in	 the	 respiration	






When	 the	 regionally	 isolated	mitochondria	were	provided	suc‐
cinate,	 it	 was	 observed	 that	 striatal	mitochondria	 exhibited	 a	 sig‐
nificantly	 increased	 basal	 OCR	 in	 comparison	 to	 both	 cerebral	
cortical	 (F2,10	=	23.42,	 p	=	0.0015)	 and	 hippocampal	 (F2,10	=	23.42,	
p	=	0.0002)	mitochondria	 (Figure	 3a).	 ADP	 stimulation	 also	 led	 to	
the	largest	increase	in	absolute	OCR	in	striatal	mitochondria	when	




p	=	0.0204).	 The	 differences	 in	 relative	 OCR	 upon	 ADP	 stimula‐
tion	were	of	a	much	smaller	magnitude.	However,	 it	was	observed	
that	 the	 relative	OCR	of	 the	hippocampal	mitochondria	again	was	
decreased	when	compared	 to	mitochondria	of	 the	cerebral	 cortex	
(F2,10 = 12.80, p	=	0.0058)	and	striatum	(F2,10 = 12.80, p	=	0.0024).
When	 challenged	 with	 FCCP,	 mitochondria	 of	 the	 stria‐
tum	 showed	 an	 elevated	 OCR	 when	 compared	 to	 cerebral	 cor‐






of	the	cerebral	cortex	(F2,10 = 8.048, p	=	0.0070)	and	the	same	trend	
was	present	when	compared	to	striatal	mitochondria	(F2,10 = 8.048, 
p	=	0.0630).	As	observed	 for	 the	pyruvate/malate	condition,	mito‐
chondria	of	the	hippocampus	had	a	significantly	reduced	RCR	when	
compared	to	cerebral	cortical	(F2,10 = 45.68, p	=	0.0001)	and	striatal	
(F2,10 = 45.68, p	<	0.0001)	mitochondria	(Figure	3d).	The	decreased	
RCR	was	again	mediated	by	an	increased	hippocampal	proton	leak,	
which	was	higher	when	compared	to	cerebral	cortical	mitochondria	






Hippocampal	 mitochondria	 had	 the	 lowest	 rate	 of	 ATP	 pro‐
duction	 compared	 to	 cerebral	 cortical	 (F2,10 = 24.56, p	=	0.0009)	



















4.1 | Mitochondrial isolation and function




(Chinopoulos	 et	 al.,	 2011;	 Sims,	 1990).	 Isolation	 of	 mitochondria	
allows	 tight	 experimental	 control	 and	 the	possibility	of	direct	ma‐
nipulation,	but	may	compromise	other	physiological	factors,	such	as	






of	3–7	with	pyruvate/malate	 and	2–4	with	 succinate	 as	 substrate.	
Compared	 to	 the	 literature,	 these	 values	 signify	 well‐functioning	
mitochondria,	 validating	 the	quality	of	our	preparation	 (Burtscher,	




























4.2 | Regional differences in mitochondrial OCR and 
ATP synthesis rate
Only	 few	other	studies,	using	Seahorse	 technology	to	assess	mito‐
chondrial	 function	 in	 regionally	 isolated	 brain	 mitochondria,	 have	
been	performed.	A	study	by	Sauerbeck	et	al.	showed	that	mitochon‐
dria	 isolated	 from	 the	 rat	 cerebral	 cortex,	 hippocampus,	 and	 stria‐
tum	 exhibited	 equal	 coupled	OCRs	with	 pyruvate/malate,	 and	 the	
same	uncoupled	OCRs	with	 succinate	 in	 the	presence	of	 rotenone	






















mitochondria	 exhibited	 comparable	ATP/O2	 ratios	 to	 the	 other	 re‐





respiration	was	 equal	 across	 the	 regions,	 leading	 to	 a	much	 larger	
relative	OCR	increase.	This	elevated	hippocampal	uncoupling	capac‐
ity	has	also	been	observed	in	hippocampal	synaptosomes	fueled	by	
glucose	 (Lee	 et	 al.,	 2013),	 and	 shows	 that	 hippocampal	mitochon‐
dria	 possess	 the	 same	 capacity	 for	maximal	 uncoupled	 respiration	
as	the	other	regions,	which	is	not	active	during	coupled	respiration.	
We	also	observed	that	the	RCR	of	hippocampal	mitochondria	were	
significantly	 lower	when	compared	 to	 the	other	 regions,	due	 to	an	
elevated	proton	leak	across	the	inner	mitochondrial	membrane.	The	
proton	 leak	constitute	a	 large	 fraction	of	 the	 resting	mitochondrial	
metabolic	 rate	 but	 the	mechanisms	 and	 functions	 are	 still	 unclear	
(Jastroch,	Divakaruni,	Mookerjee,	Treberg,	&	Brand,	2010).	The	pro‐




group	 of	 proteins,	 the	 uncoupling	 proteins	 (UCPs),	 allows	 protons	







Mitochondria	 isolated	 from	 the	 striatum	 exhibited	 the	 largest	




ratory	 substrates.	 Several	 recent	 studies	have	 reported	elevations	
in	both	coupled	and	uncoupled	OCRs	of	striatal	mitochondria	when	
provided	 succinate	 as	 substrate,	 which	 is	 in	 line	 with	 our	 results	
(Burtscher	et	al.,	2015;	Pandya	et	al.,	2016;	Subramaniam,	Vergnes,	













4.3 | Complex I‐ and II‐mediated OCR and ATP 
synthesis rate
When	 comparing	 the	 applied	 respiratory	 substrate	 conditions,	
pyruvate/malate	 versus	 succinate,	 reflecting	 complex	 I	 and	 com‐
plex	 II‐linked	 respiration,	 respectively,	 the	 absolute	 differences	
in	OCRs	 are	 striking.	 The	OCRs	were	 found	 to	 be	 approximately	
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secutive	enzymatic	 steps	 in	order	 to	provide	NADH	 for	 the	ETC.	
However,	 the	 ATP	 synthesis	 rate	was	 not	 increased	 to	 the	 same	
extent	as	the	OCR,	which	became	apparent	by	the	ATP/O2 ratios, 












direct	 comparison	 difficult	 as	 the	 experimental	 prerequisites	 are	
different.
4.4 | Conclusions
This	 study	 reveals	 clear	 differences	 in	 OCR	 and	 ATP	 synthesis	





leak,	 whereas	 striatal	 mitochondria	 had	 an	 elevated	 basal	 respi‐
ration	 and	 increased	 capacity	 for	 succinate	 oxidation.	 This	 study	
underlines	the	importance	of	investigating	cerebral	mitochondrial	
function	 regionally,	 as	 regional	 differences	may	by	masked	when	
multiple	 regions	 are	 pooled.	 Furthermore,	 we	 advocate	 to	 asses	
OCR	 in	combination	with	ATP	synthesis	 rate,	as	either	one	alone	
can be misleading.
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